Introduction {#sec1}
============

The Australian Wet Tropics is the remains of the once extensive rainforests that covered much of northern Australia ([Figure 1](#f01){ref-type="fig"}) ([@bibr30]). This region contains high levels of diversity and endemism ([@bibr39]; [@bibr15]). It was designated a World Heritage Site in 1988 as recognition of its high biological diversity and conservation value. As this region is already protected from short-term anthropogenic disturbance, its greatest long-term threat is likely to be from global warming (see [@bibr18]; [@bibr33]). It is particularly vulnerable to global warming because the terrain is dominated by mountain ranges giving extremes of altitude from sea level to around 1600 meters ([@bibr18]) with the majority of its endemic species restricted to the cooler uplands ([@bibr25]). Temperature increases due to global warming are predicted to lead to dramatic decline of highland habitat, causing widespread extinctions of the endemics ([@bibr36]). Given the severity of the predicted effects of global warming on the Australian Wet Tropics, there is a pressing need to make informed decisions about conservation and management priorities for this region.

In this study we chose ground dwelling ants as surrogate taxa in an attempt to establish conservation priorities for the Australian Wet Tropics. This choice is because ground dwelling ants have numerous attributes that make them ideal candidates for surrogate taxa. These attributes include high diversity ([@bibr01]), relatively well resolved taxonomy ([@bibr22]), ease of collection, colonies relatively stationary, and important ecological functions ([@bibr19]). The knowledge of ground dwelling ant diversity in an area can provide a great deal of useful information for conservation planning ([@bibr01]). Ants have been reported to correlate with the presence of other organisms and to indicate the overall health of an ecosystem ([@bibr02]). Most ant species live in relatively stationary colonies, in contrast to flighted insects, hence they can be re-sampled repeatedly over time using the same method, providing reliable baseline data that can be used for long-term monitoring of environmental changes ([@bibr21]).

Systematic conservation planning seeks to identify areas with high biodiversity and conservation value. The criteria used for identification of areas with conservation importance should be based on the persistence likelihood of species at different sites ([@bibr34]). As an example, if two sites are equally biodiverse, conservation priority should be placed on the site that can be preserved better into the future. Therefore, besides consideration of biodiversity patterns, the ecological and evolutionary distinctiveness that maintain and generate species should also be taken into account ([@bibr09]). The common indices for biodiversity assessments such as estimated species richness, and complementarity reveal the biodiversity pattern of an area but lack information containing evolutionary distinctiveness. Therefore it has been suggested that biodiversity assessment should take evolutionary distinctiveness into account ([@bibr32]; [@bibr13]; [@bibr10]) as reviewed by Crozier ([@bibr11]). All measures of evolutionary distinctiveness, such as evolutionary history ([@bibr23]; [@bibr24]), assess the biodiversity content of an area based on how much of the encompassing phylogeny of organisms is preserved ([@bibr12]). Hence, the general application of this method to biodiversity assessment is limited to the small proportion of taxa that have been placed in a phylogeny. However, a large molecular study has shown how this approach can be used to prioritize sites within the Cape Flora ([@bibr14]) and a study of Madagascan ants ([@bibr31]) shows that at least DNA barcoding data can be swiftly gathered. Crozier et al. ([@bibr12]) provided proof of concept for the idea that, because systematists generally try to make nomenclature follow phylogeny, one can use systematic nomenclature to yield a surrogate phylogeny. The aim in this study is to assess the performances of three diversity indices (species richness, sites complementarity and evolutionary history) of ground dwelling ants in establishing conservation priorities across an altitudinal gradient in the Australian Wet Tropics.

Materials and Methods {#sec2}
=====================

Ground dwelling ants sampling {#sec2a}
-----------------------------

Ground dwelling ant sampling was carried out across an altitudinal transect in one of the most important biodiversity hotspots for the Australian Wet Tropics. This region ranges from the coastal lowlands south of Cairns up to the Atherton Tablelands, and on to the highest part of the region, the Bellenden Kerr/Bartle Frere mountain ranges ([@bibr36]). Six elevations (100, 200, 400, 600, 800, 1000 m) ([Figure 1](#f01){ref-type="fig"}, [Appendix 1](#app01){ref-type="app"}) were selected along an altitudinal transect from this region. Sampling was carried out twice, once during November 2004 and again in February 2005. Ground dwelling ants were sampled with pitfall traps constructed from 120 ml specimen jars (4.5 cm diameter), covered by a 17-cm × 11-cm plastic container as shelter against rain. Each jar was partially filled with 100% high-grade ethanol as a killing and preservation agent. Traps were embedded in the ground with the lip of the trap flush with the ground surface. At each altitudinal transect, three sites were sampled with five pitfall traps per site, totaling up to 15 traps for an altitude ([Appendix 2](#app01){ref-type="app"}). At each replicate site along the altitudinal transect, traps were 1 m apart and perpendicular to the altitudinal transect. The traps were retrieved after 5 days in the sampling sites. Ant specimens were separated from other arthropods, mounted and labeled. Ants were identified to genus level following Shattuck ([@bibr29]) and to species/morphospecies level by CJB and SHY; representative specimens are lodged with the Queensland Museum, Brisbane and James Cook University School of Marine and Tropical Biology, Townsville.

![Geographical distributions of study sites in the Australian Wet Tropics](f01_01){#f01}

Estimating species richness {#sec2b}
---------------------------

The diversity of ground dwelling ants for each altitude was estimated with species accumulation curves created from computations using Estimates ([@bibr08]). In choosing richness estimators, Chao diversity estimators are generally expected to perform well in inventories of hyperdiverse arthropod groups ([@bibr16]). The Chao 2 richness estimator which is based on incidence data was therefore used for the estimation of species richness: where S~*obs*~ is the observed species richness, *L* is the number of species that occur in only one sample, and *M* is the number of species that occur in only two samples ([@bibr05]).

Species richness, not the numerical structure of the ant community was of interest, so the number of traps containing a species was used as a surrogate for the number of colonies found. Because a single colony can field many workers, the number of workers collected is not an appropriate measure of the abundance of colonies, which is the true measure of the resilience of a social insect species to perturbation ([@bibr38]; [@bibr27]; [@bibr07]).

Calculating complementarity between transects {#sec2c}
---------------------------------------------

Complementarity is a measure of distinctness in species composition across the altitudinal transects ([@bibr16]). The complementarity between neighbouring transects is computed from: where *U* is the number of species unique to either transect and *S* is the number of species occurring at both transects.

Deriving evolutionary distinctiveness measure {#sec2d}
---------------------------------------------

The evolutionary distinctiveness measure used in this study is evolutionary history (EH). The EH of ground dwelling ants was obtained by converting the systematic nomenclature of Bolton ([@bibr03]) into an inferred phylogeny and the recording of the occurrences the ant species across the six altitudinal transects ([Figure 2](#f02){ref-type="fig"}) using the program TREEMAKER ([@bibr12]). A branch of equal length was allowed for each level in the hierarchy of the inferred phylogeny and the EH of ground dwelling ants were computed as the length of tree retained between them, always including the root of the phylogeny. Thus, two species in the same genus have a distance of 2 between them, in the same tribe but different genera one of 4, in the same subfamily but different tribes one of 6, and in different subfamilies one of 8.

Establishing conservation priorities {#sec2e}
------------------------------------

Three diversity measures: estimated species richness, sites complementarity, and evolutionary history, were used in the assessments of conservation priorities using the incidences of ground dwelling ants across the altitudinal gradient in the Australian Wet Tropics. TREEMAKER enables conversion of a scheme of systematic nomenclature to an inferred phylogeny along with distributional data, and the resulting file can be read by the program MeSA to enable calculation of these biodiversity measures for each site or combination of sites ([@bibr12]). Conservation assessments were achieved based on diversity preserved by conserving the set of sites with highest diversity measures. To do this the best combination of species richness, sites complementarity, and evolutionary history of the species preserved was gauged.

Results {#sec3}
=======

Diversity of ground dwelling ants {#sec3a}
---------------------------------

Altogether, 56 species of ants from 34 genera and 10 sub-families were recorded from two seasons of pitfall trapping along the altitudinal gradient in the Australian Wet Tropics. The accumulation curves for altitudinal bands ([Figure 3](#f03){ref-type="fig"}) predict an increase in expected species richness for a given level of additional sampling effort, while the diversity estimator estimate the amount of additional sampling required to reach the predicted species richness generated from species accumulation curves ([Figure 4](#f04){ref-type="fig"}). The sampling was considered to be sufficient if the observed species richness reaches at least half the estimated richness ([@bibr06]). Examining the sampling effort for this study, it appears that altitudinal sites 400, 600, 800 and 1000 m were still under-sampled for ground dwelling ant assemblages. This could mostly be due to increasing habitat complexity in these localities.

Complementarity {#sec3b}
---------------

The turnover in ants assemblages across altitudinal transects were computed as percentage complementarity that varies from 0 (when the assemblages are identical) to 100% (when the assemblages are completely distinct) ([Table 1](#t01){ref-type="table"}). The matrix of complementarity values between transects shows a moderate level of distinctness between neighboring transects (*c*. 69%). This implies that species composition of ant communities changed fairly rapidly along the altitudinal gradient.

###### 

Percentage pair-wise complementarity of ant species across six altitudinal sites in the Australian Wet Tropics

![](t01_01)

Evolutionary history {#sec3c}
--------------------

The evolutionary history preserved by each transect, in isolation, is given in [Table 2](#t02){ref-type="table"}.

![Phylogeny of the species in this study as inferred from their systematic nomenclature. The levels used were subfamily, tribe, genus, and species.](f02_01){#f02}
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Evolutionary history value of altitudinal transects inferred from systematic nomenclature and incidences of ants
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Conservation assessments based on sites combinations {#sec3d}
----------------------------------------------------

Six altitudinal sites generate altogether 62 combinations of sites. For each set of numbers of sites retained (6, 5, 4, 3, 2, or 1) the set that preserves the most biodiversity is shown in [Table 3](#t03){ref-type="table"}. Retaining all sites preserves 56 species with an EH of 114 and complementarity of 0.36. The best 5-sites combination is 100, 200, 400, 800, and 1000 m. This result agrees with the hypothesis that the middle elevation is the overlapping zone between two high- and low-altitude faunas. Further reducing the number of sites generates two optimum values for site combinations depending on the diversity metrices used for assessment. Omitting either the 200 or the 1000 m site will result in preservation of the same number of species (50 spp.). However, if evolutionary distinctness were used for assessment, omitting site 1000 m (i.e., site combination {1,2,4,8}) yields a higher EH value (105) than omitting the 200 m site (103). Complementarity yields a different weighting to EH, with higher complementarity at combination {1, 4, 8, 10}. The latter value implies that there are more species that are restricted to 1000 m compared to 200 m. Dropping a further site results in the site combination (100, 400, 800 m) that preserves 44 species with a value of EH of 95 and one of complementarity of 0.68 ([Table 3](#t03){ref-type="table"}). Lastly, the optimum choice for preservation of only two sites is 400 and 800 m, preserving 36 species with an EH value of 80 and one of 0.86 for complementarity ([Table 3](#t03){ref-type="table"}). Figure 3.Observed (solid black line) and estimated (gray line) species richness (using the Chao2 richness estimator) of ants across six sites in an altitudinal transect (100, 200, 400, 600, 800, and 1000 m). Figure 4.Observed and estimated species richness (Chao 2) with 95% confidence intervals. Table 3.Site combinations with the highest biodiversity values

Discussion {#sec4}
==========

Diversity of ground dwelling ants {#sec4a}
---------------------------------

Studies of ants species richness along altitudinal gradients have shown two patterns, a decrease in species number with altitude ([@bibr04]) or species richness peaking at intermediate elevations ([@bibr28]). In this study, species richness is fairly uniform at lower elevations (100, 200, and 400 m) with slight decrease at higher elevations (600, 800, and 1000 m). The pattern of estimated species richness is also fairly uniform across the altitudinal gradient, with lower estimated species richness at lower elevations (100 and 200 m) and higher estimates of species richness at higher elevations (400, 600, 800, and 1000 m). This interpretation is also consistent with the findings from vertebrate studies across altitudinal gradients in Australia\'s Wet Tropics ([@bibr35]). The confidence intervals for estimated species richness at higher elevations are very wide. This indicates insufficient sampling and introduces uncertainties in the species richness data for higher elevations. Hence the pattern obtained from observed and estimated species richness in this study might not be reliable enough to indicate the underlying patterns of ant species richness across the complete altitudinal gradient. However, the wide confidence intervals of estimated species richness at higher elevations also indicate more diverse ground dwelling ant species at these elevations. The uncertainties of the pattern of ground dwelling ants could be reduced either by increasing the number of traps or incorporating additional trapping methods into the existence sampling regime at higher elevations. Therefore, further studies incorporating such changes would test our tentative conclusions of the pattern of altitudinal variation of ground dwelling ants in the Australian Wet Tropics.

Altitudinal pattern of ground dwelling ants {#sec4b}
-------------------------------------------

The complementarity analysis revealed a narrow altitudinal range for Australian Wet Tropics ground dwelling ants (*c* 69% distinctness between altitudinal transects). As with altitudinal studies from Panama ([@bibr26]) and Borneo ([@bibr04]), all communities sampled differed markedly between neighboring altitudinal sites. This pattern seems to be fairly common for tropical arthropod species ([@bibr20]). In our study, the highest composition turnover was found between the 400 and 600 m transects, which implies the presence of two ant assemblages across this altitudinal gradient. Species found from 100 to 400 m can be tentatively assigned to a low altitude assemblage and species found from 600 m upwards to a high altitude assemblage. The tentative assignment of low and high altitude ant assemblage could be influenced by site factors ([@bibr04]). The apparent undersampling of altitudinal sites 400, 600, 800, and 1000, may be mostly due to increased habitat complexity in these localities. Further, the moderate level of distinctness between transects is consistent with the species composition of ant communities changing fairly rapidly along the altitudinal gradient.

High turnover value for arthropod species along the altitudinal gradient could be attributed to the dispersal and distributional range of this group of organisms. Most altitudinal pattern studies were designed for fauna such as birds or mammals that have larger ranges and longer dispersal distances than arthropod species. Conservation managers usually draw information from those studies that serve to reveal pattern at moderate to large spatial scales. This strategy allows decisions to be made on a national level. However, the narrow altitudinal ranges of arthropod species merit concern when formulating conservation strategies for areas such as the Australian Wet Tropics. This concern arises because climate change has been identified as the biggest threat to the biodiversity of this region and the whole Wet Tropics region consists of patches of highlands that harbour most of the endemics found there. The projected upward elevational shifts of organisms due to warming indicate the high vulnerability to extinction of organisms with narrow altitudinal bands such as arthropod species and highland specifics.

Implications of complementarity and evolutionary history on conservation assessment {#sec4c}
-----------------------------------------------------------------------------------

Several measures of biodiversity were computed, namely species richness, complementarity and evolutionary history (using systematics as a surrogate for phylogeny). Conservation decisions should be based on choosing the most diverse site combinations based on the diversity measures available. The altitudinal pattern of ground dwelling ants in the Australian Wet Tropics conforms with a peak at middle elevations (400 m). We hypothesized that this diversity peak in mid-elevation results from overlapping low altitude and high altitude ant assemblages. Hence, if one site has to be dropped, omitting the 400 m transect retains the highest diversity site combination ([Table 3](#t03){ref-type="table"}). Considering all the indicators yields a relatively soundly based conservation recommendation.

Further reduction in the number of sites preserved generates two sets of conflicting site combinations depending on the diversity measures used for assessment ([Table 3](#t03){ref-type="table"}). The first optimum 4-sites combination {1,2,4,8} has a higher EH value. This is caused by the presence of two subfamilies (Aenictinae and Cerapachyinae) that were collected only at 200 m. There is only one genus worldwide of Aenictinae. These ants do not build stationary nests but have a nomadic lifestyle and conduct raids using large numbers of workers ([@bibr17]). The nomadic life pattern may lead to rarity in that a large area is needed to support these mobile group hunters, and there was only one collection of this species, at 200 m. Cerapachyines are specialist predators of other ants. The low collection of this species could be due to their small colonies ([@bibr37]) and under-sampling. The second optimum 4-sites combination {1,4,8,10} yielded a higher complementarity value. Three ant species (*Carebara C*, *Mayriella A*, and *Anillomyrma A*) were collected only from 1000 m and are therefore treated as restricted to this elevation. The presence of these species at 1000 m transect is the cause of the high complementarity value for this 4-sites combination. The results of more ground dwelling ant species that are restricted to highlands is consistent with the findings from vertebrate studies across altitudinal gradients in Australian Wet Tropics ([@bibr35]).

The choices for priority areas for conservation might differ depending on the diversity measures used. The straightforwardness of species richness and its estimator provide the underlying pattern for the ant assemblage in a spatial gradient. Complementarity yields an indication of the distinctness of ant assemblages between sites. Evolutionary history yields a measure of the evolutionary depth of an assemblage preserved given a particular combination of sites, without asking about the distribution of species between sites. The main aim of conservation is to preserve a set of areas that harbor the most distinct organisms from each other. Traditional conservation approaches rarely take into the account the evolutionary relationships between the organisms, hence a set of areas with high complementarity value are favored over a lower value. In this paper we provide a practicable approach of inferring a phylogeny using systematic nomenclature to derive a measure of evolutionary distinctness. This approach allows the wider scope to conservation assessment by adding this measure. Even though in this case these measures led to conflicting results yielding two optimal 4-sites combinations, both measures revealed more information about the existing pattern rather than using one diversity measure alone. We suggest that the aim in conservation assessment should be the preservation of the set of sites harboring the most distinctive organisms, effected by using a measure that involves evolutionary relationships between the organisms.

To conclude, the generations of sites combinations and simultaneous computations of various diversity measures presents a systematic approach to conservation assessment that allows a better understanding to the existing biodiversity pattern. The biodiversity preserved by conserving a set of sites can therefore be estimated by species richness, complementarity, and evolutionary history. This approach is useful to understand the diversity pattern and identify the most diverse sites combinations across an altitudinal gradient that could ensure the preservation of terrestrial ground dwelling invertebrates in the Australian Wet Tropics.
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Geographical descriptions of sampling sites at Atherton Uplands.
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